improving the performance of this technology. For example, materials such as metal oxides, nitrides, and fluorides have been demonstrated to form electron and hole selective interfaces when applied to c-Si. [1] [2] [3] [4] [5] [6] [7] Such an approach has potential benefits over conventional heavily doped direct-metallization approaches, including lower processing temperatures, simpler contact formation, and the removal of fundamental limitations, such as Auger recombination and free carrier absorption. [8, 9] In addition, the unique interface properties of some metal compound/c-Si interfaces have even enabled novel solar cell architectures, for example, n-type c-Si cells with undoped partial rear contacts (PRCs). [10, 11] This specific architecture utilizes a near-ideal surface passivation layer, such as hydrogenated silicon nitride SiN x , [12] to cover the vast majority of the rear surface which can greatly reduce the average surface recombination factor J 0 and increase the rear reflection. Only a small percentage of the area is contacted, typically < 5%, where electrons flow to be collected. An n-type undoped PRC cell structure was not previously attainable due to the tendency of n-type c-Si to form an interface potential barrier under direct metallization, which resulted in prohibitively high contact resistivity ρ c . The first successful demonstration of this cell came after a breakthrough in low resistance interfaces to n-type c-Si with a low work function LiF x /Al electrode. This contact was used to fabricate an undoped PRC cell attaining an efficiency of 20.6% with a PRC covering only ≈1% of the rear surface. [11] The next evolutionary step in this cell structure was the integration of a passivation layer at the PRC interface. This came with the introduction of a TiO x /Ca/Al contact, [10] which was found to provide both reduced surface recombination and low contact resistivity, enabling an efficiency of 21.8%. Following on from these early developments, there exist three major avenues to easily improve the electron PRC: i) reduction in the PRC interface recombination and resistivity; ii) increase in the PRC material's stability to thermal stressors; and iii) increasing the rear surface reflectivity via appropriate choice of PRC materials.
Over the past five years, there has been a significant increase in both the intensity of research and the performance of crystalline silicon devices which utilize metal compounds to form carrier-selective heterocontacts. Such heterocontacts are less fundamentally limited and have the potential for lower costs compared to the current industry dominating heavily doped, directly metalized contacts. A low temperature (≤230 °C), TiO x /LiF x /Al electron heterocontact is presented here, which achieves mΩcm 2 scale contact resistivities ρ c on lowly doped n-type substrates. As an extreme demonstration of the potential of this heterocontact, it is trialed in a newly developed, high efficiency n-type solar cell architecture as a partial rear contact (PRC). Despite only contacting ≈1% of the rear surface area, an efficiency of greater than 23% is achieved, setting a new benchmark for n-type solar cells featuring undoped PRCs and confirming the unusually low ρ c of the TiO x /LiF x /Al contact. Finally, in contrast to previous versions of the n-type undoped PRC cell, the performance of this cell is maintained after annealing at 350-400 °C, suggesting its compatibility with conventional surface passivation activation and sintering steps.
Introduction
Recent advancements in carrier-selective heterocontacts for crystalline silicon (c-Si) photovoltaics (PV) have highlighted opportunities for utilization of materials-based approaches in individual materials in this contact provide several potential benefits. Firstly, TiO x layers have been shown to provide excellent surface passivation of c-Si and have exhibited stability in some harsh environments. [13] [14] [15] [16] It has also been experimentally demonstrated that TiO x interlayers can increase the "S-factor" (reduce the Fermi level pinning) as compared to directly metalized surfaces. [17] Secondly, the low work function LiF x /Al electrode, [18] combined with the high permittivity TiO x , can assist in the reduction of barrier heights or even lead to electron accumulation at the c-Si surface. Finally, unlike other low work function electrodes, such as Mg or Ca, LiF x /Al can provide near-ideal rear-reflection especially when separated from the c-Si absorber with a dielectric spacer (a quantification of this advantage is included in S1 in the Supporting Information). The unique properties of this heterocontact allows the fabrication of a c-Si cell featuring an undoped PRC which achieves a conversion efficiency of above 23% and exhibits thermal stability up to 400 °C.
Results and Discussion
To initially assess the performance of the TiO x /LiF x /Al heterocontact, a series of contact recombination J 0 and resistivity ρ c test structures are fabricated. Figure 1b The second avenue to improve on the performance of previous undoped PRC generations is to increase the thermal stability. Figure 2a shows the extracted ρ c of a set of TiO x /LiF x /Al heterocontacts as a function of annealing Figure 1c or the estimated error in the TLM measurement (whichever is largest).
temperature. Interestingly, with increasing anneal temperature, a clear decrease in ρ c occurs for heterocontacts with all three thicknesses of TiO x , particularly for thicker TiO x films. This is in contrast to a control sample with 0 nm of TiO x , provided in Figure S2b in the Supporting Information, which shows an increase in ρ c at temperatures above 150 °C. This suggests that the TiO x /LiF x /Al contact offers a significant advantage over direct LiF x /Al contacts in terms of thermal stability; this is particularly relevant for PRC designs where the importance of ρ c is increased. Similarly, the TiO x /LiF x /Al heterocontacts are also found to be stable under humidity conditions. Figure 2b shows the measured ρ c of TiO x /LiF x /Al heterocontacts taken before and after exposure to 1000 h of 85 °C and 85% relative humidity (RH). The results are provided for all three TiO x thicknesses for samples both with and without a pre-anneal step (250 °C for 10 min). In all cases, no catastrophic changes are measured, with most points falling within the range of error of their unexposed counterparts.
To further explore the role of the TiO x layer, a series of materials-based measurements were performed. Figure 3a shows the valence band (i) and secondary electron cut-off (SEC) (ii) spectra of the as-deposited TiO x layer, measured via X-ray photoelectron spectroscopy (XPS). We note that a TiO x layer of ≈12 nm was used in these measurements to avoid issues with the XPS sampling depth. A clear band tail is observed in the valence band spectrum, indicative of amorphous/nanocrystalline films (as expected from our previous studies on TiO x ), [19] but no sub-bandgap defect band is seen between the valence band and Fermi energy (E v −E F of >3 eV). The SEC plot shows that the as-deposited TiO x layer has a work function of ≈3.8 eV, in alignment to that found in previous studies for ex situ films. [20] These can be combined with spectroscopic ellipsometry measurements to make an estimation of the band position relative to c-Si. The refractive index of the TiO x film, extracted with a Tauc-Lorentz model, [21] is shown in Figure 3b and reveals an optical bandgap of ≈3.35 eV, similar to that measured for thin TiO x films previously. [22] These results suggest the TiO x layer is n-type and the expected band alignment with c-Si would present a small conduction band offset and a large valence band offset-promoting the selective collection of electrons.
To investigate the measured decrease in ρ c with annealing, Figure 3c shows the evolution of the Ti 2p core levels for three TiO x films: i) as-deposited TiO x ; ii) TiO x /LiF x /Al heterocontact after wet chemical removal of the LiF x /Al layer; and iii) 300 °C annealed TiO x /LiF x /Al heterocontact after wet chemical removal of the LiF x /Al layer. The as-deposited TiO x film spectrum can be fit well using only the 2p doublet Ti 4+ oxidation state suggesting that it is largely stoichiometric. This stoichiometry is also apparently maintained after depositing, and subsequently removing, the LiF x /Al layer. However, after annealing with a LiF x /Al layer on top at 300 °C, a slight reduction in the TiO x film is indicated by the appearance of a small contribution from Ti 3+ oxidation states. The reduction of TiO x , due to interaction with an overlying layer, leading to the formation of oxygen vacancies, has been highlighted as an important factor in other TiO x heterocontacts on c-Si. [10, 23] A slight shift in the 2p doublet toward lower binding energy is also seen after depositing the LiF x /Al overlayer and annealing. This could be caused by extrinsic doping due to interface mixing with the LiF x layer. Both reduction of the films and interface mixing may lead to a decreased bulk resistivity of the TiO x layer, which in turn could be responsible for the measured decrease in ρ c with annealing.
To test how effectively these contact properties can be transferred to operating devices, the TiO x /LiF x /Al heterocontacts are trialled as a small-area fraction (≈1%) PRC in an n-type cell. Figure 4a shows the simulated efficiency (colored contours) of an idealized PRC cell as a function of the J 0 and ρ c of the rear contact. The black lines on this plot represent the ideal fraction with which to apply a given J 0 and ρ c combination. The superimposed data points, taken from the estimated values in Figure 1 , suggest that the thin TiO x layer (1.5 nm) is appropriate for a 1% PRC architecture. As highlighted above, an additional possibility not explored here is to use the thicker TiO x layers as larger-area (or even full-area) rear contacts. The thin TiO x PRC is tested by integrating it into a 2 × 2 cm 2 , n-type cell with an optimized front-side (the cross-sectional structure of which is depicted in Figure 1a) . Figure 4b shows the current density-voltage (J-V) plot of the champion cell, measured under standard 1-Sun conditions (100 mW cm −2 , 25 °C, AM 1.5G spectrum). This cell achieves a conversion efficiency of 23.1%-the highest value for this cell class to date. The obtained open circuit voltage V oc of 695 mV suggest that some level of surface recombination suppression has been maintained at the heterocontact after the anneal. This value is also confirmed by Suns-V oc measurements, shown in the form of a pseudo-JV curve, as a dotted line in Figure 4b . The comparison between the real and pseudo-JV curves of Figure 4b , which indicates the magnitude of series resistance R s in the cell, suggests that efficiencies of closer to 24% could be achieved by reducing R s . Regardless, the measured fill factor (FF) of 80% is high given the infancy of the structure and confirms that a low ρ c has been attained at the PRC. Perhaps the most impressive parameter is the short circuit current density J sc , reaching 41.5 mA cm −2 , which falls just below the maximum expected for this cell design. This high J sc would not be possible without excellent rear reflection, a clear indication of the performance of the TiO x /LiF x /Al rear reflector when combined with the SiN x dielectric spacer. It is important to note that in comparison to previous n-type cells with undoped PRCs, the above presented cell also benefits from significant optimization of other cell regions. For example, the near-ideal front-side metallization design, shown in the inset of Figure 4c , minimizes both optical and electrical losses (more details on the cell preparation can be found in Experimental Section). Figure 4c provides an accompanying quantum efficiency analysis showing the external quantum efficiency (EQE), reflection (R), and internal quantum efficiency (IQE). A comparison J sc is obtained from the integrated EQE and AM 1.5G product, with a value of 41.4 mA cm −2 in excellent agreement with the value obtained via light JV. After accounting for reflection, an IQE of ≈100% is maintained from 300 nm to just before the band edge at 1100 nm-a clear indication of near-ideal carrier collection. The dopant diffused counterpart of this cell is an n-type Passivated Emitter Rear Locally diffused (nPERL) cell which features heavily phosphorus-doped localized contacts at the rear. In comparison to this structure, the TiO x /LiF x /Al nPRC removes the necessity of the high-temperature phosphorus diffusion as well as PRC masking and alignment steps, a significant advantage for this structure.
A crucial component in the success of these cells was postfabrication annealing. As shown in Figure 5a , a significant improvement in FF is seen after annealing cells for 10 min in forming gas (5% H 2 : 95% N 2 ) within a quartz furnace with a set temperature of 350 °C-a condition chosen to mimic the thermal stress of 300 °C hotplate exposure. Utilizing a forming gas anneal at the end of cell fabrication has become a standard step for diffused junction c-Si solar cells (see, for example, ref. [24] ) with benefits including surface passivation activation and contact sintering. Annealing beyond 10 min at 350 °C lead to only minimal additional change. The FF improvement is likely resultant from simultaneous reductions in the front-and rear-side contact resistance. This is in line with the known benefits of sintering electroplated silver contacts (which are used in the front-side metallization). To further investigate the thermal stability of the TiO x /LiF x /Al heterocontact, a representative undoped PRC cell was subjected to additional anneal testing at 350 °C for 180 min. As shown in Figure 5b , no significant change in cell performance was seen over this period and even after an additional 10 min anneal at a 400 °C set temperature. At higher temperatures (450 °C and above) the performance of the cell degrades rapidly, behavior which is likely resultant from performance degradation in multiple cell regions (i.e., not just the rear TiO x /LiF x /Al PRC). Regardless, the stability exhibited in the 350-400 °C range suggests the compatibility of this heterocontact structure with conventional forming gas anneal steps utilized for surface passivation and contact sintering. 
Conclusion
In this study, we have introduced the next iteration in a fastimproving family of electron heterocontacts for c-Si solar cells based on a TiO x /LiF x /Al layer stack. This heterocontact exhibits low contact resistivity, the possibility of surface passivation, and excellent thermal and humidity stability. To test its effectiveness, it is integrated into a newly developed n-type cell architecture, as an undoped PRC covering just ≈1% of the rear surface area. This optimized 2 × 2 cm 2 cell has been demonstrated with an efficiency of above 23%-a new record for this architecture and for cells employing TiO x -based electron contacts in general. Further, this cell maintains its performance after annealing at temperatures up to 400 °C, suggesting its compatibility with standard passivation and sintering anneal steps. These results set a new target for efficiency and thermal stability of the n-type undoped PRC cell and highlight its potential as a high efficiency cell concept.
Experimental Section
Contact and Cell Fabrication and Characterization: Lifetime samples, utilized for the J 0 extraction, were fabricated on 1 Ωcm n-type, (100), float zone, c-Si wafers. After standard Radio Corporation of America (RCA) cleaning procedures, samples were dipped in a dilute (≈5%) hydrofluoric acid solution, rinsed, and deposited symmetrically with TiO x layers of different thicknesses. The TiO x layer was deposited via ALD (Beneq TFS 200) at a temperature of 230 °C, using alternating cycles of titanium tetraisopropoxide (TTIP) and water. A growth rate of ≈0.3 Å per cycle was obtained for this process with 50, 100, and 200 cycles corresponding to the 1.5, 3, and 6 nm films. The effective lifetime of samples was measured after deposition using photoconductance decay (Sinton WCT 120) and the J 0 was extracted using the Kane and Swanson method. [25] It should be noted that the extracted J 0 value may change after the deposition of the LiF x /Al layer and subsequent annealing, they are included here as an estimate.
Contact resistivity samples were fabricated in an identical manner to lifetime samples, except that TiO x was only deposited on one surface of the 1 Ωcm n-type wafer. Following this, a LiF x (≈1 nm)/Al (≈200 nm) stack was deposited via thermal evaporation through a shadow mask to define a transfer-length-method (TLM) pattern. Each TLM strip was isolated via mechanical cleaving on either side to reduce lateral spreading. Measurements of resistance versus pad spacing were made with a Keithley 2400 source-meter. It should be noted that the accuracy of the TLM approach is compromised when applied to lowly doped wafers, as was the case here. The parallel resistance through the TiO x layer was assumed to be negligible. Annealing was performed using sequential 10 min anneals at temperatures between 100 and 300 °C by placing samples directly on a hotplate in air. Humidity exposure for 1000 h at 85 °C 85% RH was performed in an Espec LHU environmental chamber.
The 2 × 2 cm 2 n-type undoped PRC cells were fabricated with a double boron diffusion on the front to create localized heavily doped p ++ regions under the front metal contacts. These front contacts, which only took up ≈1% of the front surface, were defined by photolithography followed by thermal evaporation of a Cr/Pd/Ag stack and lift-off. The stack was thickened via Ag electroplating to reduce the front-side series resistance. An AlO x /SiN x passivation and antireflection stack was deposited on the front via ALD and plasma-enhanced chemical vapor deposition (PECVD, Oxford PlasmaLab 100), respectively. A rear-side PECVD SiN x passivation/ dielectric spacer was patterned with small 30 µm diameter holes to the c-Si surface covering less than 1% of the rear surface area. Through these holes, the TiO x (1.5 nm)/LiF x /Al stack directly contacted the n-type c-Si surface forming the PRC. Following fabrication, the whole cell structure was annealed in a quartz furnace at a set temperature of 350 °C for 30 min in forming gas (5% H 2 , 95% N 2 ). This anneal step was chosen to mimic the conditions of a 300 °C hotplate anneal and was found to result in the highest FF without impacting the V oc . Thermal stressing tests were performed in the same furnace at higher set temperatures.
The 1-Sun JV analysis was performed using a Sinton FCT450 under standard conditions (100 mW cm −2 , 25 °C, AM 1.5G spectrum), the inner edge of the contact periphery, shown in Figure 4c 's inset, was used to define the cell area. Suns-V oc measurements of the cells were taken on a Sinton Suns-V oc tester. The EQE was measured in a PV Measurements system (model QF/IPCE) with a small sampling area that included a representative percentage of metal finger coverage. Reflection measurements were taken over a large part of the cell area using a Perkin Elmer 1050 spectrophotometer UV-vis spectrophotometer. Solar cell simulations were performed with Quokka2.0, [26] utilizing idealized values for all cell regions except the rear contact.
Materials Characterization: Three XPS samples were fabricated on highly doped, single-side polished, n-type c-Si wafers. A 12 nm thick TiO x layer was deposited on the polished side of all three samples using the same method as above. Following this, two of the three samples were coated with an additional LiF x (≈1 nm)/Al stack, one of which was then annealed at 300 °C for 10 min on a hotplate in air. Al and LiF x layers were etched prior to XPS measurements using a dilute hydrochloric acid solution at room temperature, following which they were rinsed thoroughly in deionized water. XPS characterization was performed using a Kratos AXIS spectrometer with hemispherical analyzer and monochromatic Al source. Charge correction was performed using a C 1s reference, and peak positions were fit via Voigt lineshapes and referenced to the NIST XPS database. [27] An accelerating bias of 9.0 V was used for the secondary electron cut-off measurement.
Spectroscopic ellipsometry measurements were performed on a J.A. Woollam M-2000 ellipsometer. A Tauc-Lorentz model was used to extract the optical bandgap and refractive index.
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